Abstract Virulence is described as an ability of an organism to infect the host and cause a disease. Virulence factors are the molecules that assist the bacterium colonize the host at the cellular level. These factors are either secretory, membrane associated or cytosolic in nature. The cytosolic factors facilitate the bacterium to undergo quick adaptive-metabolic, physiological and morphological shifts. The membrane associated virulence factors aid the bacterium in adhesion and evasion of the host cell. The secretory factors are important components of bacterial armoury which help the bacterium wade through the innate and adaptive immune response mounted within the host. In extracellular pathogens, the secretory virulence factors act synergistically to kill the host cells. In this review, we revisit the role of some of the secreted virulence factors of two human pathogens: Mycobacterium tuberculosis-an intracellular pathogen and Bacillus anthracis-an extracellular pathogen. The advances in research on the role of secretory factors of these pathogens during infection are discussed.
Mycobacterium tuberculosis
Mycobacterium tuberculosis (Mtb) is the causative agent of the disease ''Tuberculosis'' and is thought to infect 33% of world's human population. Mtb, an obligate aerobic intracellular pathogen, gains entry into its host through the respiratory route via aerosols generated by an infected individual. Once inside the pulmonary alveoli, the pathogen is entrapped by alveolar macrophages, neutrophils, dendritic cells (DCs) or even epithelial cells [1, 2] . Various ligands present on the mycobacterial cell surface such as phosphatidylinositol mannoside (PIM), HSP70, 19 kDa lipoprotein, lipoarabinomannan (LAM) are recognised by phagocytic receptors and/or specific pattern recognition receptors (PRRs) present at the cell membrane of macrophages or DCs [3] . Uptake through some of the receptors is thought to be favourable for the pathogen's survival [4] . Within the phagosomes, Mtb generates a complex response and undergoes substantial metabolic shift to adapt in the hostile environment [5] . The success of Mtb lies in its potential to arrest the phagosome maturation thereby creating a safe haven for its survival. The host on the other hand actively initiates signaling cascades in the infected cells [6] . The DCs and macrophages reach the lymph nodes and the infection is thus communicated to the lymphoid cells. This marks the beginning of the adaptive immunity. After the adaptive immunity sets in, the bacterial growth is restricted and the lymphoid cells along with the myeloid cells gather to form a condensed structure called granuloma [7] . Granulomas, initially thought to be a strategy adopted by the host to contain infection, are now proposed to act as structures assisting the bacterium in successful dissemination [8] . The ability of Mtb to utilise granulomas for dissemination and also its ability to survive in primary innate immune cells, the macrophages, shows how successfully the pathogen has co-evolved with humans. Mtb has garnered multiple ways to manipulate the host's primary defence system for its survival and dissemination. To accomplish this feat, Mtb utilises plethora of virulence factors which act at various levels during the pathogen's life cycle [9] . Some of the identified virulence factors assist the bacterium adapt physiologically and metabolically in the hostile environment, still others are secreted and carry out a range of biological and immunological modulations within the host [9] .
The modulations carried out in the host are executed most efficiently and rapidly through disruptions in the host signaling network [6] . Signaling molecules such as bacterial kinases and phosphatases are most proficient in carrying out this desired role. In recent years, secretory phosphatases belonging to distinct families; (1) Proteintyrosine phosphatases (MptpA, MptpB), (2) Lipid phosphatases (SapM), and recently identified, (3) Phosphoserine phosphatase SerB2, have been identified as key molecules in the virulence of Mtb. The secreted tyrosine-phosphatase MptpA has been shown to interfere with phagosome acidification by inhibiting the trafficking of vacuolarATPase to phagosome [10, 11] . MptpB, another secreted tyrosine-phosphatase has been shown to subvert the host immunity [12] . These phosphatases have been the subject of some elegant reviews in recent years [13] [14] [15] . In this review we revisit the role of the other two secreted phosphatases, SapM (an acid phosphatase) and SerB2 (a phosphoserine phosphatase), in the adaptation of the pathogen within the host.
SapM
The secreted proteins are the primary component of Mtb's armoury against its host. In 1998, Raynaud et al. [16] carried out a comprehensive research in which they identified enzymatic activities in the secreted polypeptides from various mycobacterial species. The culture filtrate protein fractions from both pathogenic as well as non-pathogenic strains were shown to possess an acid phosphatase activity, one of the 24 identified enzymatic activities [16] . Acid phosphatase is the class of enzymes that catalyses the breakdown of phosphomonoesters (phosphoenolpyruvate, glycerophosphate, guanosine triphosphate, NADPH, phosphotyrosine, trehalose-6-phosphate etc.) under acidic conditions [17] . Two years later, the acid phosphatase from the culture filtrate protein fraction responsible for the observed activity was identified as a 28-kDa protein [18] . N-terminal sequencing unveiled the presence of a typical prokaryotic signal sequence and hence it was proposed that the protein would be secreted through the sec-dependent mechanism. The protein was thus named secreted acid phosphatase of Mtb, SapM. Sequence analysis of SapM however showed no homology with prokaryotic acid phosphatases, instead SapM was shown to have a high homology with several acid phosphatases of fungal origin [18] .
Research carried out on acid phosphatases from various other intracellular pathogens indicated towards its role in intracellular survival by virtue of its ability to subdue the respiratory burst of activated human neutrophils [19] [20] [21] . In 2005, Vergne et al. showed that M. tuberculosis var. bovis Bacillus Calmette-Guérin (BCG) SapM could abrogate phagosomal maturation by reducing the concentration of membrane-bound lipid phosphatidylinositol 3-phosphate (PI3P) from the phagosomal membranes [22] . Rab5, a Rab GTPase, recruits phosphatidylinositol 3-kinase (PI3K), which in turn phosphorylates Phosphatidylinositol (PI) converting it into PI3P (Fig. 1a) . PI3P influences the function and cellular localization of various effector proteins with PI3P binding domains (e.g., EEA1). The recruited proteins in turn mediate phagosomal maturation into phago-lysosome [23] . To persist in the phagosomes, Mtb should be able to maintain a PI3P free status. SapM was shown to dephosphorylate PI3P resulting in the reduction of its concentration on the phagosomal membrane and hence the stalling of phagosomal biogenesis (Fig. 1a) [22] . Festjens et al. [24] however, proposed an alternate mode of action for Bacillus Calmette-Guerin (BCG) SapM. While trying to study the vaccine potential of BCG mutant deficient in SapM, they showed that SapM mutation had no effect on the lysosome fusion with BCG containing phagosomes. They further showed that the mutation had no apparent effect on reactive oxygen species (ROS) production, autophagy or the activation of iNKT cells. Instead, the BCG SapM mutant was shown to induce the secretion of TNF-a, IL-6 and IL-1b, from infected Bone marrow-derived dendritic cells (BM-DCs) which in turn resulted in enhanced migration and activation of DCs in draining lymph nodes. They concluded that SapM mutant could enhance presentation of antigen in a proinflammatory environment. This study implicated that Mtb SapM would somehow block the activation and recruitment of DCs thus helping the bacteria lower down the severity of adaptive immune response. The studies which followed [25, 26] however, unequivocally indicated toward a role of Mtb SapM in phagosome maturation arrest thereby substantiating the results obtained by Vergne et al. [22] . In an attempt to create Mtb derived vaccine strain with a potential to undergo phagosome lysosome fusion, Saikolappan et al. [25] generated a double knock out (DKO) strain, by deleting the genes fbpA and sapM in Mtb (DfbpADsapM). They had previously reported that the disruption of fbpA (Ag85A) gene from Mtb resulted in the attenuation of the mutant within the macrophages [27] . Using THP1 macrophages they demonstrated that the DKO mutant showed higher attenuation as the mutant pathogen was unable to inhibit phagosome lysosome fusion in the infected host cell. Subsequently the DKO mutant was highly immunogenic, owing to its higher antigen presentation [25] . The DKO mutant was also found to be susceptible to oxidants, indicating towards a role of SapM in repressing the oxidative burst as seen for acid phosphatases from other intracellular pathogens [19] [20] [21] . Similar results using MtbDsapM mutant were obtained by Puri et al. [26] . The study was taken a step further and conducted in an animal model and guinea pigs infected with MtbDsapM were shown to have an enhanced survival in comparison to Mtb infected animals. It was observed that SapM was indispensable for Mtb growth and that the infection with MtbDsapM mutant caused a significant reduction in pathological damage in the host [26] . The same group carried out another study to understand the effect of vaccination with the triple knockout mutant MtbDmptpADmptpBDsapM (MtbDmms) versus BCG on the survival and pathogenesis of Mtb [28] . They reported that the vaccination with MtbDmms mutant restricted the growth of Mtb at primary site of infection quite in comparison to BCG. However, the vaccination with the mutant could not control the hematogenous spread when compared to BCG. The authors indicated the need to improvise the mutant to provide a superior protection and a control over hematogenous spread. Finally, in a recent report, Hu et al. [29] showed that SapM exposure to macrophages resulted in the accumulation of autophagosomes. SapM was shown to block Rab GTPase, Rab7, through its CT domain (Cterminal domain). Notably, the phagosomal maturation is dependent on the replacement of Rab5 with Rab7 which in turn directs the maturation of phagosome to phagolysosome.
In summary, SapM has been identified as a secreted virulence factor required for the arrest of phagosomal maturation. Various vaccine strains of Mtb and BCG with sapM deletion have been generated. However, how SapM flips to the cytosolic side of the phagosomal membrane to carry out the observed activities remains unknown.
SerB2
SerB2 is the most recent addition in the repertoire of Mtb's secreted virulence factors [30] . Initially characterized as an enzyme involved in the dephosphorylation of O-phospho-L-serine to L-serine [31] , MtSerB2 has been recently shown to be secreted into the cytoplasm of infected THP1 cells and is hypothesized to help the bacterium in immune invasion and evasion [30] . SerB2 belongs to the haloacid dehalogenase (HAD) class of enzymes. The enzyme class HAD shows a ubiquitous presence across all three super kingdoms of life and are usually involved in metabolic processes [32] . However, there have been reports where some HADs were shown to exhibit divergent function such as transcription regulation or cytoskeleton remodelling [33] [34] [35] .
In the first report on MtSerB2, Arora et al. [31] biochemically characterized the enzyme and showed that MtSerB2 displayed a preference toward O-phospho-L-serine over O-phospho-L-threonine. Through high throughput screening using 2300 compounds, they identified Clorobiocin and Rosalinine as the specific inhibitors against MtSerB2. The inhibitors displayed bactericidal activity against Mtb infected macrophages. However, since Clorobiocin targets other mycobacterial factors also, the authors suggested a need to develop structural analogs of the identified inhibitors with MtSerB2 specific intracellular activity. Around the same time, Yadav et al. [36] published another report on MtSerB2 characterization. MtSerB2 contains two small molecule binding ACT domains (Aspartate kinase, Chorismate mutase, and TyrA protein regulatory domain) at its N-terminus and a classical phosphoserine phosphatase domain (PSP) toward the C-terminal end. Yadav et al. showed that both PSP and ACT domains are required for the optimal phosphatase activity of MtSerB2. The ACT domain was identified as the regulatory domain and interaction of various amino acid/ ligand was shown to induce an increase or decrease or no effect on MtSerB2 activity. This study, however, added another dimension to the role of MtSerB2 in Mtb and the authors showed that the exogenously added MtSerB2 resulted in microtubule re-arrangement in THP-1 cells. This experiment indicated that MtSerB2 acted in a similar capacity as SerB653 from Porphyromonas gingivalis (P. gingivalis), previously shown to induce microtubule rearrangement in HIGK cells (human immortalized gingival Fig. 1 continued keratinocytes) [35, 37, 38] . Recently, the same group published a follow-up study and showed that MtSerB2 was secreted in the cytoplasm of infected THP1 macrophages [30] . MtSerB2 was shown to interact with various host proteins involved in actin remodelling (actin, cofilin, a/b tubulin, etc.) and was capable of dephosphorylating cofilin leading to its activation (activated cofilin causes actin depolymerisation) (Fig. 1b) . MtSerB2 was also shown to regulate the expression of genes that are involved in the actin dynamics. Additionally, through in vitro pull down assays it was shown that MtSerB2 interacts with HSP90, HSP70 and HSP27, hence blocking apoptosis. Exogenously added MtSerB2 was shown to suppress IL-8 expression in THP1 macrophages, primarily due to its ability to dephosphorylate MAPK-p38 and NFjB p65 (Fig. 1b) . These experiments were primarily based on research published on SerB653 from P. gingivalis and effectively reproduced what was known for SerB653 [39, 40] . Finally, they identified a drug Clofazimine {evaluated for XDR (Extremely drug resistant) and MDR (Multiple drug resistant) TB treatment} which inhibits MtSerB2 activity and reverse the observed interactions.
In summary, the research conducted on SerB2 has helped in demonstrating that apart from its conventional role of a metabolic enzyme, MtSerB2 has acquired a new function wherein it is secreted in the host and interacts with host factors to assist the bacterium in invasion and evasion leading to its survival and pathogenesis.
Bacillus anthracis
Anthrax is caused by a Gram positive, rod shaped and endospore forming bacteria, Bacillus anthracis. The pathogenicity of Bacillus anthracis is governed by two large extrachromosomal plasmids namely pXO1 and pXO2. The plasmid pXO1 encodes protective antigen, lethal factor, edema factor and anthrax toxin activator A (AtxA), a central regulator for toxin synthesis [41] . These secreted toxin units enable the pathogen to establish a systemic infection in short duration of time. On the other hand, plasmid pXO2 encodes for the proteins involved in capsule synthesis. The capsule is made up of poly-c-Dglutamic acid, that inhibits the bacterial phagocytosis during infection and is weakly immunogenic in nature [42] . Another major virulence factor is anthrolysin O, which is one of the pore forming toxins and disrupts the membrane integrity of host cells by forming homogenous pores [43] . The systemic infection of anthrax is majorly established by lethal toxin (protective antigen ? lethal factor) and edema toxin (protective antigen ? edema factor). The carboxyl terminal of protective antigen interacts with the cell membrane receptors like Capillary Morphogenesis Gene 2 (CMG2) and Tumor Endothelial Marker 8 (TEM8) and facilitates the entry of lethal factor and edema factor into the cytoplasm of host cells [44] . Protective antigen, being the central molecule in the anthrax toxin pathogenesis, is an exciting target molecule for the development of advance therapeutics against anthrax. Multifaceted approach has been employed to target the protective antigen of the anthrax toxin, for example, use of non-functional protective antigen (dominant negative) and CMG2 or TEM8 receptor decoys [45, 46] . Recent research exploring the pathogen's strategies to modulate the host signaling via its secreted virulence factors like lethal toxin, edema toxin and anthrolysin O is quite fascinating and is discussed in the following sections.
Lethal Toxin
Lethal factor is a Zn 2? metal dependent endoprotease and the active site residues (HEXXH) interact with the divalent metal ion (Zn 2? ) to attain the active protein conformation [47] . Lethal factor targets the members of MAP Kinase Kinase (MAPKK) family of MAP cascade, which includes MEK 1-4, 6, and 7 [48] . The cleavage of N-terminus of MAPKK members results in a diverse set of phenotypes in the intoxicated host cells. Lethal toxin mediated cleavage of MAPKK causes decrease in the phosphorylation status of host 'Heat Shock Protein 27' (HSP27), which is reported to be essential for maintaining the permeability across endothelial cell lining (Fig. 2a) . Activity of HSP27 is governed through the phosphorylation and therefore the membrane permeability is found to be compromised in anthrax infections [49] . Systemically released lethal toxin is also reported to reduce the phosphorylation level of translational proteins for examples eIF4B, eIF4E and rps6. The changes in active translational factors causes decreased translation of Hypoxia-Induced Factor-1a (HIF1 a), a central protein involved in the host cell response against hypoxic condition. Severely decreased expression of HIF-1a could lead to pathological conditions in host like angiogenesis and metastasis [50] . The implications of N-terminus cleavage of MAPKK family members have been found to be diverse. Apart from changing the protein expression or phosphorylation status of physiologically important host proteins, lethal toxin disrupts the host response to anthrax in additional ways too. For example, inflammasomes, which are the multimeric protein complexes involved in the identification of pathogen associated molecular patterns in cytosol and directs the activity of caspase 1 enzyme to counter bacterial infections. Lethal toxin cleaves the N-terminus of NOD like receptor protein 1 (Nlrp1), which results in the activation of caspase-1 in the host cell, which in turn causes N-terminus cleavage of pre-IL 1b and pre-IL 18 (Fig. 2a) . These two inflammatory cytokines are well known to initiate the primary innate immune response upon infection [51, 52] .
Bacterial infections are accompanied by the recruitment of polymorphonuclear cells at the site of pathogen's invasion. This crucial primary response against pathogen is however hindered by the lethal toxin moiety of anthrax toxin system. Cytokine IL-8 is an important chemoattractant, which is sensed by the neutrophils and is responsible for the migration of neutrophils to the site of injury. Lethal toxin is reported to cause modifications in the histone epigenetics of IL-8 promoter (Fig. 2a) , which causes lesser binding of NF-jB transcription factor, hence causing reduced translational rates of IL-8 [53] . However, the exact molecular pathways through which these modifications take place are yet to be elucidated. On the other hand, lethal toxin intoxication to the host cells also results in enhanced IL-8 degradation through the hypophosphorylation of TTP, a RNA binding protein involved in the degradation of IL-8. It has been reported that localization of TTP has been increased to the processing bodies during anthrax infection. Furthermore, the number of processing bodies has been found to be increased, implying higher level of degradation in lethal toxin intoxicated cells [54] . In the host system, lethal toxin also acts by decreasing the NF-jB transcription via activation of IjK kinase (transcription inhibitor) (Fig. 2a) . However, the expression of NF-jB regulated genes are over-expressed as well as under-expressed depending on the expression levels of other transcriptional regulators involved [55] . During infection, lethal factor is expressed in higher amounts and imparts higher toxicity to the intoxicated cells when compared to the edema factor. The edema toxin mediated toxicity and known mechanisms are discussed in the next section.
Edema Toxin
Edema toxin is another virulence factor of Bacillus anthracis. Edema factor acts as adenylyl cyclase and is dependent on calmodulin and calcium ions for its activity. Upon infection, edema toxin gains entry into the host cell cytoplasm through PA translocation channel and converts the cellular pool of adenosine triphosphate (ATP) into 3 0 , 5 0 cyclic adenosine monophosphate (cAMP), a secondary messenger crucial in diverse cellular processes [56] . Elevated and persistent level of cAMP causes loss of water from cells into the intercellular milieu (Fig. 2b) . It has been recently elucidated that the presence of edema toxin alters the phosphorylation status of water channels across cell membrane, aquaporin-2, hence activating them for increased water efflux, specifically in the collecting ducts of kidney [57] . Excess water retention is the hallmark action of edema toxin; apart from this, edema toxin is also reported to significantly alter the host defence mechanism. Upon bacterial infection, polymorphonuclear cells play crucial role in trapping the bacteria and decrease the pathogen load from the host. The pathogen entry site is recognized by the release of cytokines like Interferon c, which is followed by the recruitment of leukocytes at the entry site. Edema toxin inhibits the chemokinesis of the polymorphonuclear cells, resulting in decreased accumulation of cells at the site of pathogen's invasion. The observed phenotype is accompanied with increased phosphorylation of Protein Kinase A (Fig. 2b) ; however the physiological impact of which, is yet to be elucidated [58] .
Anthrolysin O
Anthrolysin O is another potent virulence factor secreted by the virulent strain of Bacillus anthracis, and belongs to the Cholesterol Dependent Cytolysins (CDC) class of cytolysins. Anthrolysin O forms pores in the host cell membrane and disrupt the membrane integrity causing host cell death. Formation of pores results in a diverse set of downstream signaling, for example increased influx of calcium ion in the intoxicated cells [59] . Introduction of anthrolysin O causes disruption of C2BBE monolayer through altering the arrangement of Occludin, an integral membrane protein involved in maintaining the cellular tight junction [60] (Fig. 2c) . This cytolytic activity of anthrolysin O is extended to cell types like human monocytes, human monocyte derived macrophages, neutrophils, erythrocyte and lymphocytes. The haemolytic activity of anthrolysin O is hindered by the presence of free cholesterol [61] . Bacillus anthracis is among the few Grampositive bacteria, which produces membrane vesicles. Membrane vesicles derived from Bacillus anthracis is reported to contain the anthrolysin O apart from lethal toxin/edema toxin, indicating the physiological role of anthrolysin O during anthrax infections [62] . Bishop and colleague have studied the effect of recombinant purified anthrolysin O on the integrity of gut epithelial barrier in human C2BBE and ex vivo mouse intestinal segments. It has been observed that disruption of C2BBE monolayer leads to higher mobility of bacteria across the basolateral transwell. Bacillus anthracis strain secreting anthrolysin O can cross monolayer more readily as compared to the anthrolysin deficient bacterial strain [63] . The human alpha defensins are the host counter measures to check the hemolysis caused by anthrolysin O [64] . Monoclonal antibodies administration against anthrolysin O causes increased survival of intoxicated animal mice (BALB/c) model system [65] . Also, it has been reported that the function of anthrolysin O and three phospholipases are dispensable in Bacillus anthracis. Only, deletions of all four genes can cause attenuation of the Bacillus anthracis strain in in vitro and in vivo infection models [66] . Interestingly, anthrolysin O is also known to act as an agonist for Toll Like Receptor 4, which usually gets activated by lipopolysaccharides secreted by gram negative bacteria. Furthermore, in combination with lethal factor, anthrolysin O is known to induce apoptosis in intoxicated cells (Fig. 2c) [67] . The structure, function and physiological relevance of anthrolysin O has been well elucidated during the last decade, however there are no studies investigating the specificity of various drug molecules to inhibit the anthrolysin O, till now.
Conclusion and Future Directions
The success of a pathogen to establish an infection in the host relies on its ability to counter the continuous onslaught mounted by the host to clear off the infection [6] . The mediators of virulence in the bacterial system are often the moonlighting proteins, which are the primary weapons for the host targeting and thus needs our immediate attention. Pathogens, whether intracellular or extracellular in nature, extensively utilize the secreted proteins to modulate the central pathways of host's signaling machinery [9, 45] . In this review, we have discussed some important virulence factors of two human pathogens, Mtb-the causative agent of the disease tuberculosis and B. anthracis-the causative agent of the disease anthrax. Since, the secreted factors can be effectively targeted by therapeutic molecules or vaccines, an in-depth understanding of their role in virulence will assist in identification of the 'right factors' which are most crucial for the pathogen's survival. Apart from secreted proteins, pathogens also secrete small molecule or quorum sensing molecules, which are important for the pathogen to establish infection and the role of these molecules has been well studied in pathogenic as well as non-pathogenic bacteria [68] [69] [70] [71] [72] [73] . This review enhance our understanding about the crucial roles played by the secreted virulence factor of Mtb and B. anthracis. Focussing on the secretory factors that are fundamental to the infectious process will help us to generate a repertoire of effective small molecule inhibitors or prophylactic vaccines that may be advantageous in combating the bacterial attack.
